A variation of ballistic electron emission microscopy has been developed to image magnetic structure in thin-film multilayers with nanometer resolution. In studies of nominally uncoupled Co/Cu/Co trilayer films, magnetic domains and domain-wall motion are readily observable with this technique. In the Co/Cu/Co trilayer system magnetic domains are found to occur on an ϳ500-nm-length scale and less, while smaller-scale fluctuations in the ballistic electron transport properties of the system are found on an ϳ10 nm length scale. © 1999 American Institute of Physics. ͓S0003-6951͑99͒03933-9͔
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Currently, there is widespread interest in both the micromagnetic structure of thin films and electronic transport in micro-and nanofabricated magnetic devices. Improvements in lithographic and metal-deposition techniques allowing the realization of such structures have spurred scientific interest in new magnetic device behavior. 1 Out of such research have come innovative magnetic thin-film structures, such as the ''spin-valve'' and giant magnetoresistance ͑GMR͒ devices, which are creating new capabilities for magnetic sensing and greatly expanded capacities for magnetic-based information storage.
2 With the ever-shrinking size of magnetic devices and the promise of novel magnetic behavior, there is a strong need to study magnetism at smaller and smaller scales, below the resolution limit of standard magnetic imaging techniques available today. To help meet this need we introduce a technique with which to image thin-film magnetic structure and phenomenon with nanometer resolution: ballistic electron magnetic microscopy ͑BEMM͒.
BEMM is a variation of ballistic electron emission microscopy ͑BEEM͒, which was initially developed to probe the nature of, and local variations in, metal-semiconductor interfaces. 3, 4 In BEEM, a scanning tunneling microscope ͑STM͒ tip is used to locally inject current I t into a thin metal film ͑ϳ200 Å͒ grown on a semiconductor substrate. A fraction of these injected electrons will travel ballistically through the film to the metal-semiconductor interface, where those electrons satisfying appropriate energy and momentum constraints can pass into the underlying substrate ͑typically, Ͻ10% of I t ͒. This current is then measured as the BEEM collector current I c . While scanning the tip across the sample surface to create a standard STM height image, I c is simultaneously recorded and displayed as a function of the position of the tip, creating a BEEM image. Thus, a BEEM/ BEMM image is a spatial map of ballistic electron transmission through the metal film and into the underlying semiconductor. Because of the local ͑ϳ1-2 Å͒ nature of the current injected by the STM tip and because electrons having undergone large-angle or inelastic scattering are, typically, not collected into the semiconductor, contrast resulting from scattering events in the metal overlayer can be resolved to a few nanometers. 4 In ballistic electron magnetic microscopy, a ferromagnetic thin film is grown on a semiconductor substrate ͑or a semiconductor-buffer layer system͒ and capped by a thin normal ͑i.e., nonferromagnetic͒ metal layer. Deposited on top of this is the ferromagnetic system to be studied, which can consist of single-or multiple-layered films. For example, BEMM can be quite effective in examining the magnetic microstructure of the ferromagnetic-normal-metalferromagnetic trilayer thin films that are the basic components of spin-valve and GMR devices. How magnetic contrast is obtained in such a system can be understood in terms of the standard parallel two-channel spin model of GMR, shown schematically in Fig. 1͑a͒ . 5 When an unpolarized current from the STM is incident upon the top ferromagnetic layer, one of the spin components will pass through this ''spin-filtering'' layer with relatively little scattering as compared to the other spin component. The spin selection is due both to spin-dependent scattering ͑reflection͒ at the normal metal-ferromagnetic interface, arising from band-structure mismatch, and to the ''bulk'' spin-dependent mean-free paths of the electrons in the ferromagnetic film. If, at a given lateral position, the magnetization direction of this top layer is strongly misaligned, or antialigned, relative to that of the bottom spin-analyzer layer, both of the spin components will be heavily scattered. This will yield a low I c at that position ͑displayed as a dark position in the BEMM image͒. On the other hand, when the magnetization directions of the two layers are aligned, only one of the spin components of the ballistic current will be heavily scattered in passing through them, yielding a comparatively high I c ͑displayed as a light position in the BEMM image͒. This process is very analogous to ''polarizer-analyzer'' experiments in optics. Here, the electron spin plays the role of the polarization of light and the magnetization in ferromagnetic layers the role of the polarization axes of the filters.
The samples used to demonstrate this type of thin-film magnetic microscopy consist of Co-Cu-Co trilayer films grown on small areas of hydrogen-passivated Si͑111͒ substrates. 6 First, a thin ͑ϳ75 Å͒ Au layer and Cu wetting layer ͑ϳ9 Å͒ were thermally evaporated onto the substrate. a͒ Electronic mail: rab8@cornell.edu APPLIED PHYSICS LETTERS VOLUME 75, NUMBER 7 16 AUGUST 1999 This was done in order to form a highly resistive ͑ϳ1 G⍀͒ and high-quality ͑ideality factor Ͻ1.02͒ Schottky contact between the metal film and the underlying silicon. 7 Next, two Co layers were e-beam evaporated ͑25 Å, 12 Å͒, separated by a Cu buffer layer. Having Co layers of different thicknesses allows switching of the two layers independently, since the coercive field is thickness dependent. The Cu spacer layer is, typically, around 45 Å, leaving the magnetic layers only weakly coupled by the indirect exchange interaction. 8 All depositions take place in an ultra-highvacuum ͑UHV͒ chamber having a pressure Ͻ5 ϫ10 Ϫ10 Torr during evaporation. The sample is then vacuum transferred into an attached room-temperature UHV-STM/ BEMM system for further study. While the samples discussed here consist of only two magnetic layers, films with as many as six magnetic layers have been successfully imaged.
A typical, low-magnification, large-area (2.5 mϫ2.5 m) scan of such a Co-Cu-Co sample is shown in Fig.  1͑b͒ , showing magnetic-domain structure on the ϳ0.5 m scale, in good agreement with results obtained from similar samples by other methods. 9 Representative examples from a series of higher-resolution (500ϫ500 nm 2 ) BEMM images taken at a fixed position in a varying magnetic field applied parallel to the film, H, are shown in Figs. 2͑a͒-2͑e͒ and reveal much finer details of this magnetic structure. These images were taken with a STM tip bias V t of Ϫ1.5 V, well above the 0.8 eV Schottky barrier height of the Au-Si interface. The series begins with the sample in its initial state with no field having been applied. The magnetic contrast observed ͓Fig. 2͑a͔͒ is typical of the as-grown samples. In Fig. 2͑b͒ is an image taken in an applied field of Hϭ Ϫ40 Oe, showing a saturated state of magnetic alignment. In this field the parallel alignment of the two layers generally occurs throughout the sample and is not particular to the area shown. Scattered over the sample, however, are small regions (ϳ200ϫ200 nm 2 ), which are not fully aligned, as shown by the darker region in the middle left of Fig. 2͑b͒ . As H is lowered to zero, no change in the magnetic alignment of the Co layers is seen. However, in Fig. 2͑c͒ we see that when Hϭ10 Oe is applied in the opposite direction ͑sign convention͒ larger magnetic domains are clearly visible. One domain wall ͑i.e., a transition between aligned and misaligned regions͒ has been seeded at the boundary of the slightly misaligned region mentioned above and a second domain wall is situated in the middle right of the image. As H is increased to 20 Oe ͓Fig. 2͑d͔͒, both of the domain walls have clearly moved. It is also seen in the lower middle of the image that in this area of the sample the region of magnetic alignment of the layers has been reduced down to a neck of about 50 nm. In the last image ͓Fig. 2͑e͔͒, H has been increased to 40 Oe, the same field that led to a saturated state when applied in the opposite direction. In this case, however, magnetic contrast is clearly visible as a misaligned region runs from the upper-right to lower-left corner of the image. This contrast is attributed to the presence of a 360°domain wall in FIG. 1 . ͑a͒ Schematic diagram of the ''analyzer-polarizer'' geometry showing how magnetic contrast is obtained in a ferromagnetic-normal-metalferromagnetic system. ͑b͒ Large-area (2.5ϫ2.5 m 2 ) scan taken after the sample has been biased into the coercive state with an applied magnetic field and the field then removed. The collector current is represented in a linear gray-scale with a range from 1.0 pA ͑black͒ to 5.0 pA ͑white͒, the background has been subtracted to enhance visual contrast. V t ϭϪ1.5 V and I t ϭ2 nA.
FIG. 2. ͑a͒-͑e͒ BEMM images (500ϫ500 nm
2 ) taken at a fixed position in a varying magnetic field applied parallel to the film plane, ͑a͒ before the applied field, and in applied fields of ͑b͒ Ϫ40 Oe, ͑c͒ 10 Oe, ͑d͒ 20 Oe, and ͑e͒ 40 Oe. The linear gray-scale range for each is from 1.0 pA ͑black͒ to 5.0 pA ͑white͒. V t ϭϪ1.5 V and I t ϭ2 nA. ͑f͒ is a cross-sectional view of the position indicated in ͑a͒.
one of the layers, an interpretation which is supported by the intermediate field images as well as the lack of the region's motion in fields of up to 60 Oe. It is also interesting to note that in these films uniform and complete antialignment of the magnetic layers is never obtained over large, ӷ1 m 2 , areas for any value of H. Furthermore, it is often found that certain regions of the sample remain in parallel alignment throughout an entire field sweep, indicating that even when 45 Å apart there are still regions of ferromagnetic coupling between the Co layers.
Upon close inspection, it is clear that there are two types of contrast in the BEMM images. The contrast discussed above is magnetic in origin and, typically, occurs on a length scale of about 500-750 nm, the most common size scale of the magnetic domains in these films. However, as we have noted, much smaller scale magnetic structure can also be regularly observed. The second type of contrast or variation in the ballistic transmissivity of the trilayer films routinely exists on a quite small-size scale of about 10-20 nm. This contrast does not change as a function of applied field ͑at least in fields of Ͻ60 Oe͒ and is highly, although not completely, correlated with the grain structure seen in the STM image. It is potentially due to variations in the crystal orientation of the grains in the various layers with respect to one another, or to spatial variations of the density of scattering centers in the film.
Shown below the images ͓Fig. 2͑f͔͒ is a cross-sectional view of the position indicated by the white line in Fig. 2͑a͒ . One of the more striking features seen is that the contrast due to the magnetic structure in the films gives more than a factor of 2 contrast in the BEMM images, and so, is very readily observed. We should note that the ballistic transmission ratio ͑BTR͒ between aligned and strongly misaligned regions does change depending on the nature of the sample, particularly the thickness of the Co layers. 10 The line trace also shows that over a region where the magnetic alignment does not change, the BEMM current typically varies, on the 10 nm scale, by ϳϮ25% about its mean value, which illustrates the significant small-scale variations that we generally find in the transport properties of this polycrystalline spin-valve system. Another, perhaps less obvious, feature is that the transitions ͑domain walls͒ between the aligned and misaligned regions in the sample do not take place on a single well-definedlength scale. For instance, the transition seen in the left side of the graph occurs over a distance of about 50 nm, whereas the transition to the right occurs over a distance of about 200 nm. This could possibly reflect local variations in the thickness of the magnetic layers, in the crystal orientation of the films, or, most likely, interactions between the magnetic layers themselves. While determining the ultimate resolution of BEMM is not the main focus of the present letter, we note that magnetic contrast is clearly resolved at 50 nm or less, while the small-length-scale contrast is resolved down to ϳ10 nm ͓Figs. 2͑a͒-2͑f͔͒.
In summary, we have developed a technique, BEMM, for the imaging of thin-film magnetic structure and have employed it to examine the magnetic structure in nominally uncoupled Co/Cu/Co thin-film trilayers. Our results effectively demonstrate a powerful microscopy with which to study nanomagnetics in thin-film magnetic systems, and magnetism in nanostructured devices.
